Cholangiocarcinoma (CCA) is a tumor with poor prognosis that is resistant to all currently available treatments. Whether curcumin, a nutraceutical derived from turmeric (Curcuma longa), has potential therapeutic activity against human CCA was investigated using three CCA cell lines (KKU100, KKU-M156 and KKU-M213). Examination of mitochondrial dehydrogenase activity, phosphatidylserine externalization, esterase staining, caspase activation and poly-adenosine diphosphate ribose polymerase cleavage demonstrated that curcumin inhibited proliferation of and induced apoptosis in these biliary cancer cells. Colony-formation assay confirmed the growth-inhibitory effect of curcumin on CCA cells. When examined for the mechanism, curcumin was found to activate multiple cell signaling pathways in these cells. First, all CCA cells exhibited constitutively active nuclear factor (NF)-kB, and treatment with curcumin abolished this activation as indicated by DNA binding, nuclear translocation and p65 phosphorylation. Second, curcumin suppressed activation of signal transducer and activator of transcription-3 as indicated by decreased phosphorylation at both tyrosine 705 and serine 727 and inhibition of janus kinase-1 phosphorylation. Third, curcumin induced expression of peroxisome proliferator-activated receptor gamma. Fourth, curcumin upregulated death receptors, DR4 andIntroduction Cholangiocarcinoma (CCA) is a highly malignant, generally fatal adenocarcinoma arising from the bile duct epithelial cells (cholangiocytes) of the intrahepatic or extrahepatic biliary system. It is one of the most highly metastatic cancers, characterized by poor prognosis and therapeutic inefficiency, and is an increasing health problem worldwide (1). The incidence of CCA varies across the world depending on prevalence of risk factors such as primary sclerosing cholangitis, Clonorchis sinensis and Opisthorchis viverrini infections, choledochal cysts and hepatolithiasis (2) . The highest prevalence of O.viverrini infestations has been reported in northeastern Thailand, where CCA incidence is also highest (3) . The therapeutic options for this hepatobiliary malignancy are limited because very few cases are diagnosed at an early stage. Currently, optimal treatment is surgical resection, but 90% of patients are not candidates because of widespread metastases and inadequate liver function (4) . Moreover, recurrence after surgery is common and problematic. The available chemotherapeutic agents and radiation therapy are ineffective (1) . Therefore, new therapeutic strategies directed against this malignancy are needed.
Chronic inflammation has been shown as a link between CCA and its risk factors (1) . Therefore, targeting inflammatory pathways would offer a potential therapeutic strategy against this malignancy. Nuclear factor-kappaB (NF-jB) is a proinflammatory transcription factor that acts as the key mediator of carcinogenesis (5, 6) . The NF-jB signal transduction pathway is dysregulated and is constitutively active in a variety of human cancers (7) (8) (9) (10) . One of the key kinases involved in NF-jB activation pathway is IjB kinase (IKK). Activated NF-jB has been reported to protect cancer cells from apoptotic cell death (11) and is implicated in the expression of genes involved in inflammation (cyclooxygenase-2 and inducible nitric oxide synthase), proliferation (c-Myc and cyclin D1), metastasis (matrix metalloproteinase-9) and adhesion (intercellular adhesion molecule-1) of tumor cells (12) .
Signal transducer and activator of transcription-3 (STAT-3) is another proinflammatory transcription factor that has been reported to regulate the expression of genes involved in survival (13) , proliferation (14) , invasion (15) and angiogenesis (16) of tumor cells. The activation of STAT-3 is regulated by phosphorylation at tyrosine and serine residues. Although phosphorylation at Tyr 705 leads to STAT-3 dimerization, nuclear translocation, DNA binding and gene transcription, phosphorylation at Ser 727 may regulate STAT-3 activity both negatively and positively. Peroxisome proliferator-activated receptor gamma (PPAR-c) is a member of the nuclear receptor superfamily (17) and has been reported to play a role in lipid and glucose metabolism. Activation of PPAR-c has been identified as an approach for inducing differentiation and inhibiting proliferation in a variety of cancers (18, 19) .
Natural products have played a significant role over the years in the development of anticancer drugs as.60% of the drugs are of natural origin (20, 21) . Natural products with the potential to inhibit NF-jB and STAT-3 activation and enhance PPAR-c expression would have therapeutic potential against CCA. Curcumin (diferuloylmethane) is one such agent. Derived from the rhizomes of turmeric (Curcuma longa), curcumin has been shown to suppress activation of NF-jB and STAT-3 (22) . It has also been shown to downregulate the expression of genes such as B-cell lymphoma (Bcl)-2, cyclooxygenase-2, matrix metalloproteinase-9, cyclin D1 and the adhesion molecules (23) . Although numerous studies have demonstrated the chemopreventive potential of curcumin against a wide variety of tumors, studies concerning CCA are limited.
In the present study, we hypothesized that curcumin would suppress the growth of CCA through modulation of multiple cell signaling pathways. We present evidence that curcumin inhibits the growth of and induces apoptosis in CCA cell lines through (i) inhibition of the NF-jB and STAT-3 signaling pathway, (ii) upregulation of PPAR-c expression, (iii) upregulation of death receptors and (iv) downregulation of cell survival proteins.
Materials and methods

Materials
Curcumin ( Figure 1A , .98% pure) was supplied by Sabinsa (Piscataway, NJ). Penicillin, streptomycin, RPMI 1640 and fetal bovine serum were obtained from Invitrogen (Carlsbad, CA). Tris, glycine, NaCl, sodium dodecyl sulfate and bovine serum albumin were obtained from Sigma-Aldrich (St Louis, MO). Antibodies against p50, p65, cyclin D1, STAT-3, survivin, cellular inhibitor of apoptosis protein (cIAP)-1 and -2, c-Myc, Bcl-2, B-cell leukemia protein xL (Bcl-xL), phospho-specific STAT-3 (Tyr 705 and Ser
727
), caspase-3, -8, and -9, poly-adenosine diphosphate ribose polymerase (PARP) and p-Akt were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The p-p65 (Ser 536 ) antibody was purchased from Cell Signaling Technology (Beverly, MA).
Cell lines
Three human CCA cell lines representing different stages of adenocarcinoma were used in this study: poorly differentiated (KKU100), moderately differentiated (KKU-M156) and well-differentiated (KKU-M214) adenocarcinoma. The cell lines were established and characterized from CCA patients hospitalized at the Faculty of Medicine, Khon Kaen University and cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 lg/ml streptomycin. IKK-a and IKK-b knockout cells and their wild-type parental cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 lg/ml streptomycin.
Measurement of cell proliferation by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide method The effect of curcumin on the proliferation of CCA cells was determined by measuring mitochondrial dehydrogenase activity, using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) as the substrate (24) . Briefly, 3000 cells were incubated with 0, 10 or 50 lM curcumin for 2, 4 or 6 days in 96-well plates. After termination of treatment, MTT solution was added to each well and the cells were incubated for 2 h at 37°C. An extraction buffer comprising 20% sodium dodecyl sulfate and 50% dimethyl formamide was added, and the cells were incubated overnight at 37°C to dissolve the formazan formed during the reaction. Absorbance of the colored product was then measured at 570 nm using a 96-well multiscanner (MRX Revelation; Dynex Technologies, Chantilly, VA).
Clonogenic assay
The clonogenic assay tests every cell in a given population for its ability to undergo 'unlimited' division and form colonies. The CCA cells were treated with 0, 10 or 50 lM curcumin. After 24 h, cells were transferred to the normal medium and allowed to form colonies. After 6 days, colonies were fixed in a solution of methanol and acetic acid (3:1), stained with 0.5% crystal violet and counted manually.
Measurement of apoptosis by Live/Dead assay
To measure apoptosis, we used the Live/Dead assay, which determines intracellular esterase activity and plasma membrane integrity. It is a two-color fluorescence assay that simultaneously determines numbers of live cells and dead cells. Intracellular esterases from live cells convert non-fluorescent cellpermeable calcein acetoxymethyl ester to the intensely fluorescent calcein, which is retained within cells. This assay also highlights dead cells, which have damaged membranes; the ethidium homodimer-1 enters damaged cells, is fluorescent when bound to nucleic acids, and produces a bright red fluorescence. The assay was performed as described elsewhere (25) .
Measurement of apoptosis by phosphatidylserine externalization assay
The annexin V assay provides a simple and effective method for detecting apoptosis at a very early stage. This assay takes advantage of the facts that phosphatidylserine (PS) is translocated from the inner (cytoplasmic) leaflet of the plasma membrane to the outer surface soon after induction of apoptosis, and that the annexin V protein has a strong specific affinity for PS. We measured the loss of membrane asymmetry that occurs when PS moves to the extracellular surface of the membrane by using an annexin V staining kit (Santa Cruz Biotechnology). The assay was performed by following the manufacturer's instructions.
Electrophoretic mobility shift assay
To determine NF-jB activation, nuclear extracts were prepared from control and treated cells and subjected to electrophoretic mobility shift assay (EMSA) as described previously (24) . For supershift assays, nuclear extracts prepared from KKU-M156 cells were incubated with antibodies against p50 and p65 of NF-jB, either alone or in combination, for 30 min at 37°C. The complex was then analyzed by EMSA. Preimmune serum was included as the negative control. The specificity of binding was also examined by competition with the unlabeled oligonucleotide. The dried gels were visualized, and the radioactive bands were quantitated with Storm 820 and ImageQuant software (GE Healthcare, Piscataway, NJ).
Immunocytochemical analysis for NF-jB p65 localization
We performed an immunocytochemical analysis to determine the effect of curcumin on p65 nuclear translocation. Control and curcumin-treated KKU-M156 cells were plated on glass slides by centrifugation (Cytospin 4; Thermoshendon, Pittsburgh, PA), air dried for 1 h at room temperature and fixed with paraformaldehyde. After a brief washing with phosphate-buffered saline, cells were blocked with 5% normal goat serum for 1 h and then incubated with rabbit polyclonal p65 antibody. After overnight incubation, cells were washed and then incubated with goat anti-rabbit IgG-Alexa 594 for 1 h and counterstained for nuclei with Hoechst for 5 min. Stained cells were mounted with mounting medium (Sigma-Aldrich) and analyzed under a fluorescence microscope (Labophot 2; Nikon, Tokyo, Japan).
Western blot analysis
To determine the effect of curcumin on caspase activation, janus kinase-1 (JAK-1) activation, AKT8 in rodent T-cell lymphoma (Akt) activation, PARP cleavage, p65 phosphorylation, STAT-3 phosphorylation and expression of tumor necrosis factor receptor-activated factor (TRAF)-1 and -2, PPAR-c, death receptors 4 and 5 (DR4, DR5), antiapoptotic proteins and proliferative proteins, whole cell extracts were prepared and western blot analysis was carried out as described previously (26) . Briefly, cellular extracts containing equal amounts of proteins were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Membranes were probed with relevant primary antibodies followed by horseradish peroxidase-conjugated secondary antibody, and signals were detected by enhanced chemiluminescence reagent (GE Healthcare).
Statistical analysis
Various parameters were monitored in normal and treated cells. Experiments were repeated a minimum of three times. Data are given as the mean ± standard error of the mean. The statistical analyses used the two-tailed unpaired Student's t-test. The percentages of positively immunostained cells were compared by using the Mann-Whitney U-test. SPSS version 11.5 software was used for statistical analysis of data. A value of P , 0.05 was considered statistically significant.
Results
Our goal in this study was to determine whether curcumin modulates the growth of CCA cell lines and, if so, to delineate various mechanisms by which it may mediate its effects. We examined the effects of curcumin on NF-jB activation, STAT-3 activation, NF-jB-and STAT-3-regulated gene products and cell growth in CCA cells. Because moderately differentiated adenocarcinoma is the most common CCA, we selected KKU-M156 cells for most of the studies.
Curcumin suppresses proliferation of CCA cells
Whether curcumin has the potential to inhibit proliferation of CCA cells was investigated by measuring mitochondrial dehydrogenase activity. Curcumin inhibited proliferation of CCA cells in a dose-dependent manner. The suppression of cell proliferation was significant at a curcumin concentration of 50 lM (P , 0.05, Figure 1B) . These results indicate that curcumin has potent antiproliferative effects in CCA cells.
Curcumin inhibits colony-forming ability of CCA cells Since colony formation of tumor cells is closer to its physiology and growth in vivo, we investigated the effect of curcumin on suppression of long-term colony formation. Exposure of CCA cells to curcumin Anticancer effects of curcumin against CCA was associated with significant repression of colony-forming ability ( Figure 1C) . At 10 lM of curcumin, the number of colonies was significantly reduced (P , 0.05) from 252 to 20 in KKU100 cells, from 282 to 25 in KKU-M156 cells and from 284 to 18 in KKU-M214 cells. Colony formation was completely suppressed at 50 lM of curcumin. 
Curcumin induces apoptosis in CCA cells
We investigated by several assays whether curcumin could induce apoptosis in CCA cells. Measurement of intracellular esterase activity showed that curcumin-induced apoptosis in CCA cells in a dose-dependent manner. Exposure of CCA cells to 10 and 50 lM curcumin significantly increased the number of apoptotic cells from 23 to 42% in KKU100 cells, from 17 to 71% in KKU-M156 cells and from 26 to 37% in KKU-M214 cells (P , 0.05, Figure 1D ).
We also investigated early apoptosis by PS externalization assay. As shown in Figure 1E , significant increases in annexin V-positive cells were observed in cells treated with curcumin as compared with controls (P , 0.05). Comparison of cells treated with curcumin and controls indicated that annexin V-positive cells increased from 2 to 7% in KKU100 cells, from 2 to 10% in KKU-M156 cells and from 2 to 5% in KKU-M213 cells at 50 lM of curcumin ( Figure 1E) .
Overall, these results indicate that curcumin induces apoptosis in CCA cells and that KKU-M156 cells are more sensitive to curcumininduced apoptosis than the other CCA cells tested. Therefore, we selected KKU-M156 cell for further studies.
Curcumin induces caspase activation and PARP cleavage in CCA cells
Activation of caspases is a hallmark of apoptosis. While caspase-8 activation constitutes the extrinsic pathway, the intrinsic pathway requires caspase-9 activation. Activated caspase-8 and -9 activate caspase-3, which in turn induces PARP cleavage. As shown in Figure  2A , curcumin induced activation of caspase-3, -8 and -9 and PARP cleavage in CCA cells. These results indicate that curcumin induces apoptosis in CCA cells by both the extrinsic and intrinsic pathways.
Curcumin downregulates expression of cell survival proteins
One of the key mechanisms through which tumor cells show resistance to apoptosis is overexpression of cell survival proteins. Therefore, we investigated the effect of curcumin on expression of cell survival proteins such as survivin, cellular FLICE-like inhibitory protein (c-FLIP), cIAP-1, cIAP-2, X-linked inhibitor of apoptosis protein, Bcl-2 and Bcl-xL. Results indicate that curcumin inhibits expression of these proteins in CCA cells in a time-dependent manner ( Figure 2B ).
Curcumin suppresses expression of proteins associated with proliferation in CCA cells
We examined whether suppression of proliferation of CCA cells by curcumin is due to downregulation of proteins involved in cell proliferation, such as cyclin D1 and c-Myc. We found that curcumin inhibited expression of cyclin D1 and c-Myc in CCA cells in a time-dependent manner ( Figure 2C ).
Curcumin inhibits constitutive NF-jB activation in CCA cells
Since NF-jB is involved in regulation of proteins involved in cell survival and proliferation, we investigated whether CCA cells express constitutive NF-jB activation. As shown in Figure 3A (left), all three CCA cell lines exhibited significant NF-jB activation. Curcumin inhibited constitutive NF-jB in KKU-M156 cells in a dose-dependent manner ( Figure 3A, middle) .
To examine whether the NF-jB visualized by EMSA in KKU-M156 cells was indeed NF-jB, we incubated the nuclear extracts from these cells with antibodies against p50 or p65 subunits and performed the EMSA. Antibody against the p65 subunit of NF-jB shifted the band to one of higher molecular weights. Preimmune serum had no effect on DNA binding, and addition of excess unlabeled NF-jB (cold oligonucleotide; 100-fold excess) completely abolished the intensity of the band, whereas addition of a mutated oligonucleotide had no effect on DNA binding ( Figure 3A, right) . These results indicate that the band visualized by EMSA was indeed NF-jB.
Curcumin inhibits nuclear retention and phosphorylation of p65
When NF-jB is activated, the p65 subunit is phosphorylated and translocated to the nucleus. Immunocytochemical analysis indicated a constitutive presence of p65 in the nucleus of KKU-M156 cells ( Figure 3B ). When these cells were treated with curcumin, p65 was redistributed from nucleus to cytoplasm. Curcumin treatment also inhibited p65 phosphorylation at Ser 536 in KKU-M156 cells ( Figure  3C ). Anticancer effects of curcumin against CCA Curcumin inhibits TRAF1 and TRAF2 expression in KKU-M156 cells Activation of NF-jB requires sequential recruitment of adapter proteins including TRAF1 and TRAF2. As shown in Figure 3D , exposure of KKU-M156 cells to curcumin was associated with a time-dependent decrease in TRAF1 expression. The effect of curcumin on TRAF2 was less prominent than that on TRAF1.
Curcumin inhibits constitutive STAT-3 activation in CCA cells
To investigate whether curcumin can modulate constitutive STAT-3 phosphorylation in CCA cells, KKU-M156 cells were incubated with different concentrations of curcumin for 24 h. Whole cell extracts were prepared and examined for STAT-3 phosphorylation by western blotting using an antibody that recognizes phosphorylation at Tyr 705 and Ser 727 . As shown in Figure 4A , curcumin inhibited the constitutive phosphorylation of STAT-3, with maximum inhibition occurring at 50 lM. We also determined optimum time required for curcumin to suppress STAT-3 activation in KKU-M156 cells. The inhibition was time dependent, and maximum inhibition occurred at 24 h ( Figure 4B ).
Since STAT-3 phosphorylation requires JAK-1 activation, we investigated the effect of curcumin on expression of p-JAK-1 in KKU-M156 cells. As is evident from Figure 4C , curcumin inhibited JAK-1 activation at 50 lM in a time-dependent manner.
Curcumin enhances PPAR-c expression in KKU-M156 cells
Since PPAR-c agonists are known to exhibit growth-inhibitory effects in tumor cells, including CCA cells (18, 19) , we investigated the effect of curcumin on PPAR-c expression in CCA cells. Curcumin enhanced PPAR-c expression in KKU-M156 cells in a dose-and time-dependent manner ( Figure 5A and B) .
Curcumin induces expression of death receptors in KKU-M156 cells
The extrinsic pathway of apoptosis requires induction of death receptors. Therefore, we investigated the effect of curcumin on expression of death receptors, DR4 and DR5. Curcumin enhanced DR4 and DR5 expression in KKU-M156 cells in a time-dependent manner ( Figure 5C ). 
Curcumin inhibits Akt activation in KKU-M156 cells
Since activation of NF-jB requires kinases including Akt, we investigated the effect of curcumin on Akt activation. Administration of curcumin was associated with an inhibition of Akt activation in KKU-M156 cells in a time-dependent manner ( Figure 5D ).
Growth inhibitory effect of curcumin is enhanced in IKK-a-and IKKb-deficient cell lines
Because IKK is required for NF-jB activation, we examined whether ablation of IKK-a and IKK-b, two subunits of IKK will increase the sensitivity of cells to curcumin. The wild-type and deficient cells were treated with different concentrations of curcumin for 3 days and cell growth was examined by measuring mitochondrial dehydrogenase activity. We confirmed the absence of IKK-a and IKK-b in deficient cells by western blot analysis ( Figure 6A ). As shown in Figure 6B , curcumin inhibited growth of IKK-deficient cells to a greater extent as compared with wild-type cells. However, IKK-b-deficient cells were more sensitive as compared with IKK-a-deficient cells. Overall, these results indicated that NF-jB activation is required for tumor cell proliferation.
Discussion
Although the worldwide incidence of and mortality due to CCA are increasing, available treatments have not substantially prolonged patient survival. Therefore, there is a need to develop novel therapeutic agents that can increase the susceptibility of CCA cells. Here, we provide evidence that curcumin may have chemopreventive potential against cholangiocarcinogenesis by affecting multiple cell signaling molecules. We found that this nutraceutical suppressed activation of proinflammatory transcription factors such as NF-jB and STAT-3 and the gene products involved in tumor cell survival and proliferation. Curcumin also inhibited proliferation of CCA cells and upregulated expression of PPAR-c and death receptors ( Figure 6 ).
We found that CCA cell lines tested exhibited constitutively active NF-jB, and curcumin suppressed this activation. Although curcumin has been shown to inhibit inducible and constitutive NF-jB activation in cell lines of various origins (27) (28) (29) , this is the first report showing inhibition of constitutive NF-jB in CCA cells. Because activation of NF-jB leads to nuclear translocation of the p65 subunit, we confirmed the presence of nuclear p65 in KKU-M156 cells by immunocytochemistry. How curcumin inhibits constitutive NF-jB is not clear from these findings. Curcumin has been shown to inhibit constitutive IKK, the enzyme required for constitutive NF-jB activation in multiple myeloma cells (27) . Therefore, one possibility, that the inhibitory effect of curcumin on constitutive NF-jB is mediated through inhibition of IKK activation, cannot be ruled out by the present study. IKK has been reported to phosphorylate the p65 subunit of NF-jB at Ser 536 . Inhibition of p65 phosphorylation by curcumin further suggests that its inhibitory effect on NF-jB activation is mediated through IKK.
STAT-3 was also constitutively activated in KKU-M156, and curcumin inhibited this activation. This agrees with previous reports showing STAT-3 phosphorylation in CCA cell lines (30, 31) . Constitutive activation of STAT-3 has been reported in a large variety of other tumors, moreover, including breast cancer, prostate cancer, head and neck squamous cell carcinoma, lymphomas and leukemia, brain Anticancer effects of curcumin against CCA tumors, colon cancer, gastric cancer, esophageal cancer, ovarian cancer, nasopharyngeal cancer and pancreatic cancer (32) . The implication of these reports is that targeting the STAT-3 pathway could be a potent therapeutic strategy against CCA. This is supported by our recent report showing the ability of curcumin to inhibit STAT-3 activation in a hamster model of cholangiocarcinogenesis (33) .
Our data also showed that curcumin suppressed antiapoptotic gene products that are regulated by NF-jB and STAT-3. STAT-3 activation has been reported to suppress apoptosis. These effects are mediated through expression of cell survival proteins, including Bcl-xL (13), Bcl-2 (34), survivin (35) and cIAP-2 (36) . Most tumor cells that exhibit constitutive activation of STAT-3 also express these cell survival gene products (37) . NF-jB is known for its potential to regulate antiapoptotic gene products and is associated with resistance to apoptosis in tumor cells, including CCA cells (38) (39) (40) . NF-jB has been reported to regulate expression of cell survival proteins such as c-FLIP, Bcl-xL (41), Bcl-2 (42), X-linked inhibitor of apoptosis protein (43), cIAP-1 (44), cIAP-2 (44) and survivin (45) . Bcl-xL can block cell death induced by a variety of chemotherapeutic agents (46) , and its overexpression has been reported in CCA cells (47) . That curcumin treatment was associated with downregulation of expression of cell survival proteins could be due to the observed inhibition of activation of NF-jB and STAT-3. Curcumin's downregulation of c-FLIP, a caspase-8 inhibitor, agrees with a recent report showing induction of apoptosis in CCA cells through downregulation of c-FLIP by tamoxifen (48) . Activation of caspase-3, -8 and -9 suggests that curcumin induced apoptosis through both the extrinsic and intrinsic pathways. The extrinsic pathway of apoptosis involves induction of death receptors such as DR5 and DR4. That curcumin has the potential to induce apoptosis through the extrinsic pathway was further confirmed by its ability to induce DR5 and DR4 in CCA cells.
We also found that CCA cells overexpressed gene products involved in cell proliferation (cyclin D1 and c-Myc). The inhibition of cyclin D1 and c-Myc expression by curcumin could contribute to the suppression of CCA cell proliferation. Since these gene products are regulated by NF-jB (49) and , one possible cause of the suppression of CCA cells proliferation could be due to inhibition of these transcription factors. Finally, the prominent upregulation of PPAR-c by curcumin in the CCA cells studied here may explain the antiproliferative effect of curcumin, since PPAR-c has been shown to have a growth-inhibitory effect in tumor cells, including CCA cells (18, 19) .
In conclusion, our findings demonstrate that curcumin mediates its antiproliferative and apoptotic effects through (i) inhibition of NF-jB and STAT-3 signaling pathways, (ii) downregulation of antiapoptotic proteins, (iii) upregulation of PPAR-c expression and (iv) upregulation of DR4 and DR5 expression ( Figure 6C ). That the IKK-a-and IKK-b-knockout cells were more sensitive to growth inhibition as compared with wild-type cells further signifies the role of NF-jB activation in tumor cell proliferation. Taken together, our results indicate that curcumin could be an effective molecule and NF-jB and STAT-3 as novel target against CCA. Further experiments in animal models are needed, however, to fully realize the potential of curcumin in this disease. 
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